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Abstract: Background: MYCN amplification is a prognostic biomarker associated with poor prognosis of
neuroblastoma in children. The overall survival of children with MYCN-amplified neuroblastoma has only
marginally improved within the last 20 years. The Bromodomain and Extra-Terminal motif (BET) inhibitor,
JQ1, has been shown to downregulate MYCN in neuroblastoma cells.

Objective: To determine if JQ1 downregulation of MYCN in neuroblastomas can offer a target- specific therapy
for this, difficult to treat, pediatric cancer.

ARTICLE HISTORY Methods: Since MY CN-amplified neuroblastoma accounts for as much as 40 to 50 percent of all high-risk
cases, we compared the effect of JQ1 on both MYCN-amplified and non-MY CN-amplified neuroblastoma cell

lines and investigated its mechanism of action.
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Accepted: Febraary 07, 2020 Results: In this study, we show that JQ1 can specifically target MYCN for downregulation, though this effect is

not specific to only MYCN-amplified cells. And although we can confirm that the loss of MYCN alone can
induce apoptosis, the exogenous rescue of MYCN expression can abrogate much of this cytotoxicity. More
fascinating, however, was the discovery that the JQ1-induced knockdown of MYCN, which led to the loss of the
human double minute 2 homolog (HDM2) protein, also led to the accumulation of tumor protein 53 (also known
as TP53 or p53), which ultimately induced apoptosis. Likewise, the knockdown of p53 also blunted the cyto-
toxic effects of JQI.
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Conclusion: These data suggest a mechanism of action for JQ1 cytotoxicity in neuroblastomas and offer a pos-
sible prognostic target for determining its efficacy as a therapeutic.
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1. INTRODUCTION the age at diagnosis, both the tumor site and grade, histological
analysis, and the amplification of the virus-Myelocytomatosis
(or v-myc) oncogene neuroblastoma derived homolog gene, n-myc
(also known as MYCN) [5, 6]. MYCN amplification is one of the
most significant biomarkers, correlating with both advanced disease

and poor survival, with as much as 20% - 25% of patients contain-

Neuroblastoma is a childhood cancer that commonly develops
along the sympathetic nervous system or adrenal glands and affects
approximately 1/7000 children [1]. It is the most commonly diag-
nosed malignancy in infants, accounting for 6% of all childhood

cancers, but causing a disproportionally high 15% of all childhood
cancer deaths in the United States [2-4]. While a small subset of
neuroblastoma will undergo spontaneous regression, the long-term
survival of patients with high-risk tumor phenotypes is less than
40% [5, 6].

The most common treatments for neuroblastoma include sur-
gery and radiation therapy and/or chemotherapy [7, 8] with com-
mon complications including pulmonary problems, retardation of
growth, vertebral deformity, renal impairment, second neoplasms,
cardiac toxicity osteoporosis, and thyroid dysfunction, among oth-
ers [9, 10]. And although new therapeutic techniques exist for pa-
tients with recurrent and refractory neuroblastoma (such as anti-
angiogenesis therapy, immunotherapy, stem cell/bone marrow
transplantation, efc.), many of these therapies have the disadvan-
tages of toxic side effects, induction of early resistance, low speci-
ficity, and high cost[11-15].

Within the tumor subpopulation of neuroblastoma, a challenging
heterogeneity exists, with prognostic factors for survival, including
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ing the MYCN amplification [16, 17].

Bromodomain and Extra-Terminal motif (BET) inhibitors are
small molecules, which competitively displace BET bromodomain
proteins from the chromatin by binding to acetyl-lysine recognition
regions [18]. This BET protein binding inhibition leads to transcrip-
tional target gene downregulation and has steered attention to these
small molecules as putative cancer therapeutics [19, 20]. One par-
ticular BET inhibitor, JQ1, gained interest from its ability to inhibit
Bromodomain-containing protein 3 (BRD3) and Bromodomain-
containing protein 4 (BRD4), which form fusion oncogenes that
drive NUT midline carcinoma [18, 21]. Since then, additional inter-
est has arisen in other cancers that showed sensitivity to BET in-
hibitors, such as multiple myeloma, acute lymphoblastic leukemia,
and acute myelogenous leukemia [22-24]. In addition, BET inhibi-
tors have been explored as therapies for heart diseases, HIV infec-
tion, and even as a male contraceptive [25-27].

JQ1 is a thienotriazolodiazepine, a heterocyclic compound con-
taining a diazepine ring fused to thiophene and triazole rings, and is
structurally related to benzodiazepines (doi:10.1093/chromsci/
36.3.111). Recent evidence has suggested that (+)-JQ1, but not (-)-
JQ1 enantiomer, specifically targets MYCN in neuroblastomas
[28]. Competitive binding of (+)-JQI to the MYCN promoter has
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shown to displace BRD4 from enhancer binding sites, leading to the
downregulation of MYCN and inducing apoptotic cell death. Puis-
sant et al. reported that MYCN-amplification in neuroblastomas
was key to the reported cytotoxicity, however, a direct correlation
between the knockdown of MYCN by JQ1 and apoptosis was never
made [28]. Likewise, the mechanism of action of JQIl-induced
apoptosis was never identified.

To that end, we decided to examine the activity of JQI in a
panel of neuroblastomas. Our results indicate that MYCN-
amplification is not necessary for the cytotoxic effects induced by
JQ1, though the loss of MYCN expression is key to JQ1-induced
apoptosis. Likewise, the exogenous rescue of MYCN expression
can offset much of the cytotoxicity witnessed. In addition, JQ1
application confirmed that the loss of MYCN led to the loss of its
transcriptional target, Human Double Minute 2 homolog (HDM2),
an E3 ubiquitin ligase known to target tumor protein 53 (also
known as TP53 or p53) [29, 30]. p53 is a tumor-suppressor protein
whose functions are induced to activate cell cycle arrest or induce
cell death through apoptosis [31, 32]. Loss of HDM2 crippled its
ability to post-translationally regulate p53. This allowed for the
accumulation of p53 and induction of apoptosis. Knockdown of p53
also rescued cellular cytotoxicity, offering a putative mechanism of
action for JQ1-induced apoptosis in neuroblastoma cells. Together,
our data indicates that JQ1 could be effective as a therapeutic agent
against any neuroblastoma expressing MYCN, though p53 activity
could be critical to the efficacy of this treatment.

2. METHODS
2.1. Cell Culture

LA-N-6, SK-N-Be (1), and SMS-KAN cells were cultured in
HyClone RPMI-1640 [GE Healthcare Life Sciences] supplemented
with 10% Fetal Bovine Serum (FBS). CHLA-42 cells were cultured
in HyClone Iscove's Modified Dulbecco's Medium (IMDM) [GE
Healthcare Life Sciences] supplemented with 20% FBS and 1X ITS
(Spg/mL insulin, Sug/mL transferrin, Sng/mL selenium). IMR-32
cells were cultured in Minimum Essential Medium (MEM) Alpha +
GlutaMAX™ [Gibco Life Sciences] supplemented with 10% Fetal
Bovine Serum [FBS]. SK-N-AS cells were cultured in Dulbecco's
Modified Eagle's Medium (DMEM) [Gibco Life Sciences] supple-
mented with 10% FBS and 1% Non-Essential Amino Acids
(NEAA). CHLA-42, LA-N-6, SMS-KAN, and SK-N-Be (1) cells
were all obtained from the Children's Oncology Group (Columbus,
OH). Both IMR-32 and SK-N-AS cells were purchased from
ATCC. All cells were incubated and maintained at 37°C with
5% CO,.

In order to confirm the identity of the cell lines obtained, they
were screened for biological markers used to originally identify
these neuroblastoma cells (Supplemental Table 1) [33-38]. This was
performed by examining the gene expression profiles of CDKN2A
(Supplemental Fig. 1A) [39] and p73 (Supplemental Fig. 1B) [40],
as well as MYCN [41], and p53 [42]. Validation of the proper phe-
notypes by this panel corroborated the viability of the cell lines
used in this endeavor. The cell lines were thawed and passaged
twice prior to validation and experimentation.

2.2. Cell Line Treatments with JQ1

All neuroblastoma cell lines were treated with either (+)-JQ1 or
(-)-JQ1 enantiomer (molecular structures indicated in Supplemental
Fig. 2A, B).

Experimentally, 8x10° of each cell line were seeded in a vol-
ume of 100uL into 30 wells of a flat-bottom 96-well tissue culture
treated plate and allowed to attach overnight (1 plate per cell line).
The following day, cells were treated with either (+)-JQ1 or (-)-JQ1
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enantiomer at concentrations of 0, 1, 2, 4, or §uM in sextuplicate (6
wells per dose per cell line). All experiments were performed as
triplicate independent measurements. All cells were then main-
tained for 72 hours at 37°C with 5% CO,.

2.3. Cell Viability Assay

Using the cells plated and treated with JQ1 after 72 hours (as
above in “Cell line treatments with JQ1”), a CellTiter 96® Aque-
ous One Solution Cell Proliferation (Promega Corp.; Madison, WI)
assay was performed, according to the manufacturer’s instructions
(PerkinElmer Multilabel Plate Reader —-Model 2104) with each well
measured in quadruplicate. The results were determined from ex-
periments performed in triplicate from triplicate independent meas-
urements.

2.4. Bright Field Examination of Neuroblastoma Cells Follow-
ing JQ1 Treatment

Each neuroblastoma cell line was washed with 1x Phosphate
Buffered Saline (PBS), then lifted and dissociated using Accumax
solution (Sigma-Aldrich). The cells were counted using a Cellometer
(Nexcelom Bioscience) and 2.8x10° cells of each neuroblastoma
cell line were plated into two wells of a 12-well tissue culture plate.
Each sample was either treated with 0 (no treatment) or 8uM JQI1,
then incubated at 37°C in 5% CO,. After 48 hours, the plates were
examined under bright field conditions using an EVOS M5000
imaging system (ThermoFisher Scientific). Images were examined
at a magnification of 40x. The experiment was performed with
triplicate independent treatments. Three representative images were
acquired from each treatment from which a final representative
image was selected.

2.5. Apoptosis Assay (Caspase 3/7)

Using the cells plated and treated with JQ1 after 72 hours (as
above in “Cell line treatments with JQ1”), 100uL of Caspase-
Glo® 3/7 (Promega Corp.) reagent was added to each well and al-
lowed to incubate at room temperature for 2 hours. Caspase activity
was measured for luminescence using a GloMax luminometer
(Promega) with each well measured in quadruplicate, comparing
JQI1-treated cells to JQI1-untreated cells. The results were deter-
mined from experiments performed in triplicate from triplicate
independent measurements.

2.6. Quantitative Reverse Transcription-Polymerase Chain
Reaction of Neuroblastoma Cell Lines

Total cellular RNA was isolated from cell samples using an
RNeasy Mini Kit (Qiagen) and purified following the manufac-
turer’s instructions. In brief, cells were pelleted by centrifugation,
washed with 1x PBS, then resuspended in QIAzol Lysis Reagent to
homogenize the sample. Chloroform was added to each sample and
mixed vigorously, then centrifuged at 12000xg for 15 minutes. The
aqueous phase was then mixed with 100% ethanol and centrifuged
through an RNeasy isolation column. The column was washed and
the sample was eluted in RNase-free water. The RNA concentra-
tions of each sample were determined by using a Nanodrop (Nano-
drop 2000c spectrophotometer, ThermoFisher Scientific). mRNA
was then converted into cDNA using the Applied Biosystems High-
Capacity cDNA Reverse Transcription Kit (ThermoFisher Scien-
tific). Real-Time quantitative Polymerase Chain Reaction (qRT-
PCR) was performed using the CFX384 Touch Real-Time PCR
Detection System (Bio-Rad Laboratories), using Power SYBR
Green PCR Master Mix (Applied Biosystems, Thermo Scientific) to
amplify samples in triplicate Gene expression values were deter-
mined from three independent measurements. Gene-specific gPCR
primer sequences were as follows: GAPDH, sense primer, 5°-
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ACATCGCTCAGACACCATG-3’, and anti-sense primer, 5’-
TGTAGTTGAGGTCAATGAAGGG-3’; MYCN, sense primer, 5’-
GACCACAAGGCCCTCAGTACCTCC-3’, and anti-sense primer,
5’-CACAGTGACCACGTCGATTTCTTCC-3’; and TP53, sense
primer, 5’-CTCAAGGATGCCCAGGCTGGG-3’, and anti-sense
primer, 5’-TATGGCGGGAGGTAGACTGACCC-3’. The results
were reported as means =SEM.

2.7. Construction of MYCN Recombinant Expression Vector

Total RNA was isolated from IMR-32 cells using an RNeasy
Mini Kit (Qiagen), as described in the above section “Quantitative
Reverse Transcription-Polymerase Chain Reaction of Neuro-
blastoma cell lines”. Purified RNA was then reverse-transcribed
using M-MLYV reverse transcriptase (ThermoFisher Scientific, Cat#
4368814). The resulting cDNA was then used as a template for
PCR amplification using GoTaq (Promega). The PCR product was
gel purified using a QIAquick Gel Extraction kit (Qiagen) as fol-
lows: the PCR sample was loaded into the well of a 1% agarose gel
and run for 30 minutes at 100v, using an All-Purpose Hi-Lo DNA
Marker (Bionexus). The PCR product was visualized under UV
light, cut from the gel, melted in a solubilization buffer, and centri-
fuged through a QIAquick Gel Extraction column. The column was
then washed and the sample was eluted in 10mM Tris, pH 8.0. The
eluate PCR product was TOPO-cloned into pCR4-TOPO (Life
Technologies), transformed into Top10 Chem comp cells, and then
plated onto LB Amp plates (100ug/mL). Colonies were grown in
LB Amp (100ug/mL) overnight at 37°C. Plasmids were harvested
by miniprep using QIAprep Spin Miniprep kit (Qiagen) as follows:
bacterial cells were pelleted from cultured media by centrifugation,
resuspended in P1 Resuspension buffer, lysed in P2 Lysis buffer,
and neutralized in N3 buffer. The neutralized lysate was then centri-
fuged at 13000xg for 3 minutes and the aqueous lysate was centri-
fuged through a QIAprep spin column. The column was washed
and the sample eluted in 10mM Tris, pH 8.0. Each isolated plasmid
was submitted for sequencing (Retrogen) and then analyzed using
VectorNTi and AlignX (Life Technologies). The MYCN clone was
then sub-cloned into pcDNA6/V5-HisA by restriction digestion and
ligated using T4 Ligase (NEB, Inc.). The insertion of MYCN into
the final clone was confirmed by restriction digestion.

2.8. Stable Selection of Expression Vectors into IMR-32 Cells

IMR-32 cells were seeded into single wells of a 6-well plate at a
density of 2.5x10° cells per well and transfected with either
pcDNAG6/V5-HisA (Vector Control) or pcDNA6/MYCN. In brief,
FuGENE® 6 (Promega) was mixed with OPTI-MEM reduced se-
rum media (ThermoFisher) and allowed to mix for 5 minutes at RT.
lug of plasmid was then added to this solution, raising the total
volume to 100uL, and allowed to mix for 15 minutes at RT. The
transfection solution was then added dropwise to IMR-32 cells. The
transfection was allowed to continue for 6 hours, after which the
media was removed, the cells were washed with PBS, and fresh media
was added. 24 hours after transfection, the cells were selected with
4ug/mL Blasticidin (Life Technologies Corp.). Selection continued
for 10 days until individual colonies could be isolated.

2.9. Confirmation of Stable Expression of MYCN in IMR-32
Cells

2.5x10° cells of each IMR-32 cell line (to include WT IMR-32,
IMR-32 /VO, and IMR-32 /MYCN) were acquired and counted.
Total cellular RNA was isolated from these cells using an RNeasy
Mini Kit (Qiagen), as described in the above section “Quantitative
Reverse Transcription-Polymerase Chain Reaction of Neuro-
blastoma cell lines”. mRNA was then converted into cDNA (as the
previous protocol) and Real-time quantitative PCR was performed
as noted previously. Gene expression values were determined from
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three independent measurements. The results were reported as
means +SEM.

2.10. Analysis of Cellular Cytotoxicity

8x10° cells were plated in a flat-bottom 96-well tissue culture
plate and treated with the CellTox™ Green Dye (Promega Corp.)
reagent. The cells were then allowed to attach overnight. The fol-
lowing day, each cell line was treated with JQ1 at a concentration
of 0 or 8uM in sextuplicate (6 wells per dose per cell line). The
plates were incubated at room temperature for 15 minutes, shielded
from ambient light, then shaken for 1 minute on an orbital shaker
(700-900g). Fluorescence was then measured at 485-500nmEx/520-
530nmEm. All cells were maintained at 37°C in 5% CO,. Every 24
hours, for 5 days, the plates were removed from the incubator,
shaken, then measured for fluorescence according to the manufac-
turer’s instructions. Data presented are a composite of experiments
performed in three independent measurements.

2.11. siRNA-Mediated Knock-Down in Neuroblastoma Cells

Neuroblastoma cells were seeded into single wells of a 6-well
plate at a density of 2.5x10° cells per well and transfected with
50uM of gene-specific siRNA or Silencer Select Negative Control
siRNA #1 (Cat # 4390843). In brief, 9uL Lipofectamine RNAiMax
(ThermoFisher) was mixed with 150ul. OPTI-MEM reduced serum
media (ThermoFisher). Separately, 6uL siRNA solution was mixed
with 150ulL OPTI-MEM reduced serum media. The two solutions
were combined and allowed to mix for 5 minutes at RT. The trans-
fection solution was then added dropwise to the neuroblastoma
cells. The transfection was allowed to continue for 6 hours, after
which the media was removed, the cells were washed with PBS,
and fresh media was added. Samples were harvested for total RNA
after 48 hours as follows: Each neuroblastoma cell line was washed
with 1x Phosphate Buffered Saline (PBS), then lifted and dissoci-
ated using Accumax solution (Sigma-Aldrich). Total cellular RNA
was isolated from these cells using an RNeasy Mini Kit (Qiagen),
as described in the above section “Quantitative Reverse Tran-
scription-Polymerase Chain Reaction of Neuroblastoma cell
lines”. The gene-specific siRNAs are as follows: MYCN Silencer
Select Pre-designed siRNA (Cat # 4392420, ID: s9133) and TP53
Silencer Select Pre-designed siRNA (Cat # 4390824, ID: s607).

2.12. Western Blot Analyses of Neuroblastoma Cells

Harvested cells (as above) were collected and counted, then
boiled in sample buffer containing Sodium Dodecyl Sulphate (SDS)
and Peta-Mercaptoethanol (B-ME) and proteins separated by elec-
trophoresis on 4-20% gradient Tris-Glycine denaturing polyacryla-
mide gels (Cat# XP04200BOX, ThermoFisher Scientific). Proteins
were transferred to nitrocellulose membranes (0.2um, BioRad, Cat#
1620112) and probed with the following primary antibodies: Anti-
TP53 (Cell Signaling Technology, Inc.) at 1/200, anti-HDM2
(MDM2) (clone 3G9, EMD Millipore) at 1/500, and anti-GAPDH
(Santa Cruz, FL-335) at 1/2000. Blots were probed with horseradish
peroxidase-conjugated secondary antibodies (Invitrogen, Goat anti-
Mouse, Cat# 62-6520, Goat anti-Rb, Cat# 65-6120) and visualized
with ECL chemiluminescence (Pierce).

3. RESULTS

3.1. An Array of Neuroblastoma Cells is Sensitive to JQ1
Treatment

In order to determine the extent to which neuroblastoma cells
are sensitive to JQ1, a panel of cultured neuroblastoma cells was
treated, to include both MYCN-amplified cells [IMR-32, SMS-KAN,
and SK-N-Be(1)] and non-MYCN-amplified cells (CHLA-42, LA-N-6,
and SK-N-AS). The treatment was performed over a 48 hour period,
using a gradient to include 0, 1, 2, 4, and 8uM concentrations of
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Fig. (1). Cell viability of human neuroblastoma cell lines after treatment with JQ1. (A) Three MYCN-amplified [IMR-32, SMS-KAN, and SK-N-Be(1)], and
three non-MYCN amplified (CHLA-42, LAN-6, and SK-N-AS) neuroblastoma cell lines were treated with JQ1 at concentrations of 0 (no treatment), 1, 2, 4, or
8 uM for 48 hours. Cell viability (%) was assessed by MTS assay. Data shown are the composite of experiments performed in triplicate, with error bars repre-
senting standard deviation. (B) Bright-field images of the various neuroblastoma cell lines following treatment with either 0 (no treatment) or 8 uM JQ1 after
48 hours. Images were examined at a magnification of 40x. The experiment was performed with triplicate independent treatments. Three representative images
were acquired from each treatment from which a final representative image was selected.
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both (+)-JQ1 and (-)-JQ1 enantiomer. All the samples were then
measured for cell viability by MTS assay. The results indicated that
all of the treated neuroblastoma cell lines exhibited sensitivity
to (+)-JQ1 enantiomer, regardless of MYCN-amplification status
(Fig. 1A). However, corroborating the results observed by Puissant
et al. [28], SK-N-AS cells revealed the poorest response to JQI,
and bright field images confirmed only a marginal loss of cells
compared to all the other neuroblastoma cell lines (Fig. 1B). It is
worth noting that all of the cell lines screened for treatment by
comparable concentrations of the (-)-JQ1 enantiomer revealed no
significant loss in cell viability that could be discerned (data not
shown). Regardless, these data suggest that SK-N-AS cells support
a unique resistance to (+)-JQ1 treatment (hereafter referred to
simply as “JQ17).

3.2. JQ1 Treatment Induces Apoptosis in all Tested Neuroblas-
toma Cell Lines, though Poorly in SK-N-AS Cells

Although all the neuroblastoma cell lines appeared sensitive to
JQ1, the cellular viability of SK-N-AS cells was less effected. To
further screen this phenotype, all the neuroblastoma cell lines were
examined for changes in apoptosis after treatment with JQ1 for 48
hours, using the highest dose previously utilized (8uM) (Fig. 2A).
Measurements in the changes of caspase 3/7 activity indicated dra-
matic increases in the rate of apoptosis, ranging from 180% of un-
treated (SMS-KAN) to as much as 500% of untreated (LA-N-6).
Not surprisingly, SK-N-AS cells showed a significantly blunted
effect on the rate of apoptosis after treatment, rising to only ~140%
of untreated. In addition, measurements were taken utilizing a real-
time cytotoxicity assay on the neuroblastoma cell lines after treat-
ment with JQ1 (Fig. 2B). The results confirmed a suppressed effect
of JQ1 on cellular cytotoxicity in SK-N-AS cells not witnessed in
any of the other cell lines. These data indicate that SK-N-AS cells
are resistant to the cytotoxic effects induced by JQ1 in neuroblas-
toma cells.

3.3. Sensitivity of Neuroblastoma Cells to JQ1 Directly Corre-
lates with MYCN Expression and its Down-Regulation by JQ1,
Though MYCN amplification is Not Necessary

Given a dramatic resistance to JQ1 cytotoxicity in SK-N-AS
cells, we decided to track down the possible cause. Puissant ez al.
concluded that JQ1 acted on neuroblastoma cells as a BET bromo-
domain inhibitor through the displacement of the BRD4 co-
activator protein from both the BRD4 localization site as well as a
putative enhancer region to the MYCN promoter [28]. Since this
function of JQ1 explains its commensurate specificity to the MYCN
promoter, it made sense to start by screening MYCN expression.
An examination of MYCN expression in the neuroblastoma cell
lines confirmed dramatically high expression of MYCN in the
MY CN-amplified cell lines [IMR-32, SMS-KAN, and SK-N-Be(1)]
(Fig. 3A). Both CHLA-42 and LA-N-6 also confirmed the expres-
sion of MYCN, though ~100-fold less than that seen in the MYCN-
amplified cells, as expected. What was surprising, however, was the
lack of MYCN expression present in the SK-N-AS cells, nearly
1000-fold less than that seen in the other non-MYCN-amplified
cells, suggesting that it remains in a category of its own, that of
MYCN down-regulated, not just non-amplified.

It is interesting that measurements of MYCN expression after
the treatment of JQ1 confirmed the down-regulation of MYCN
in both the MYCN-amplified and non-MYCN-amplified cell lines
(Fig. 3B). However, SK-N-AS expression of MYCN actually in-
creased, suggesting that the MYCN response to JQ1 in these cells is
also unique amongst the neuroblastoma cell lines. These data
suggest that the effects of JQ1 on MYCN expression is consistent
between both MYCN-amplified and non-MYCN-amplified cells,
corroborating the phenotypes seen in cytotoxicity. However, the
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effects of JQ1 on MYCN expression are inconsistent in SK-N-AS
cells, supporting the possibility that MYCN no longer influences
cytotoxicity in a similar manner.

3.4. Exogenous Expression of MYCN can Rescue its Down-
Regulation by JQ1 and Abrogate Cell Death Induced by JQ1
Treatment

Since the cytotoxic responses to JQ1 in the majority of the neu-
roblastoma cell lines correlated with MYCN down-regulation, we
sought to determine if this effect was direct or indirect. Therefore, a
MYCN stably-expressing complimentary IMR-32 cell line was
established. The MYCN expressed in this construct is driven by a
promoter, which is not responsive to the BET bromodomain inhibi-
tion caused by JQ1. Treatment of these cells with JQ1 confirmed
similar levels of MYCN knock-down to controls when measured
proportional to its untreated pair (Fig. 4A). However, when meas-
ured relative to the untreated wild type, the levels of MYCN ex-
pression in the MYCN exogenously expressing cell line confirmed
that it was present at ~160% of wild type when untreated, but at
~90% of wild type after treatment, suggesting that exogenous ex-
pression blunted the knock-down of MYCN caused by JQ1 treat-
ment (Fig. 4B). A time course of real-time cytotoxicity confirmed
that exogenous expression of MYCN could rescue a significant
portion of the cytotoxicity caused by JQ1, confirming that the loss
of MYCN expression alone could induce cell death in neuroblas-
toma cells (Fig. 4C). It is worth noting that exogenous expression
of MYCN in IMR-32 cells did induce a basal increase in cytotoxic-
ity of ~20% over controls, suggesting that the increase in MYCN
expression was not harbored well in these cells. Thus, the advan-
tage of increased MYCN expression was only witnessed when chal-
lenged by the knock-down of its expression.

3.5. JQ1 Down-Regulation of MYCN Leads to a Loss of HDM2,
which Induces Stabilization of TP53 in Neuroblastoma Cells

In order to determine a possible mechanism to explain the resis-
tance of SK-N-AS cells to JQ1 cytotoxicity, we compared them to
the JQ1-sensitive IMR-32 cells. Previous work we performed [43]
confirmed a discreet difference in both the mRNA and protein
expression of Tumor Protein 53 (TP53 or p53) in IMR-32 cells
when compared to SK-N-AS cells. A comparison of p53 amongst
the neuroblastoma cell lines confirmed that its mRNA expression
was comparable in all of the cell lines tested, except in SK-N-AS
cells, which confirmed only ~1% of that seen in the other neuro-
blastoma cells (Fig. 5A). Treatment of IMR-32 cells with a MYCN-
specific siRNA confirmed that specific knock-down of MYCN
mRNA could induce an increase in the expression of p53 protein
(Fig. 5B). However, p53 protein could not be detected in SK-N-AS
cells, regardless of MYCN mRNA knock-down (Fig. 5C). Treat-
ment of these cells with JQ1 confirmed similar results, with JQ1
inducing an increase in p53 protein levels in IMR-32 cells, but with
no detectable levels of p53 protein in SK-N-AS cells regardless of
the treatment (Fig. 5D).

Since MYCN exogenous expression was capable of rescuing
the cytotoxicity of JQ1, p53 expression under those conditions was
examined (Fig. SE). The results confirmed that the rescue of
MYCN expression also blunted the induction of p53. Although p53
is regulated transcriptionally, it is also abundantly regulated by
post-translational ubiquitination, leading to its degradation [31, 44,
45]. Puissant et al. determined that the JQ1 knock-down of MYCN
in neuroblastoma cells also led to the down-regulation of the
MYCN target gene MDM2 (or HDM2, the human analog of this
gene) [28]. Our previous results confirmed that HDM2 directly
targets pS3 in neuroblastoma cells, with the results leading to a
direct loss of p53 protein [43]. An examination of HDM2 levels
confirmed that JQ1 treatment of IMR-32 cells lead to a down-
regulation of HDM2 (Fig. SE). In addition, the exogenous rescue of
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Fig. (2). Apoptosis rate of human neuroblastoma cell lines after treatment with JQ1. Six neuroblastoma cell lines were evaluated comparing untreated vs.
treated with JQ1 (8uM). (A) Apoptosis was assessed by measuring Caspase 3/7 activity. (B) Time Course of cellular cytotoxicity. Cell lines were treated with
CellTox™ Green and JQ1 (8uM) with measurements taken every 24 hours for 4 days. The results were normalized to samples treated only with CellTox™
Green. Data for all experiments shown are the composite of experiments performed in triplicate from three independent measurements, with error bars repre-
senting standard deviation.



The Killing of Human Neuroblastoma Cells by a Small Molecule, JO1 Anti-Cancer Agents in Medicinal Chemistry, 2020, Vol. 20, No. 13

(A)

1.E+01 -
1.E+00 +
1.E-01 -+
1.E-02 -+
1.E-03 -+

1.E-04 -+

MYCN Expression
(Relative to IMR-32)

1.E-05 -+

1.E-06 -

1.E-07

1.00E+00

1.09E+00 1.09E+00

2.31E-02

3.14E-03

4.22E-07

IMR-32 SMS-KAN SK-N-Be(1) LA-N-6 CHLA-42 SK-N-AS

1.2 - MYCN Expression 1.2 - MYCN Expression 1.2 - MYCN Expression
1.0 1 1.0 4 1.0 -
8 80 &
Po.8 A 0.8 - o0 0.8 4
© © ©
S 0.6 4 S 0.6 - S 0.6 1
o T o
G 0.4 - S 0.4 - S 0.4 4
(1 (19 (N5
0.2 -+ 0.2 4 0.2 +
0.0 - 0.0 + 0.0 -
IMR-32, Neg IMR-32, JQ1 SMS-KAN, SMS-KAN, SK-N-Be(1), SK-N-Be(1),
Con Neg Con Jja1 Neg Con Ja1
12 MYCN Expression 1.4 1 MYCN Expression 6.0 1 MYCN Expression
’ 1.2 + 5.0 =
1.0 9 o 1.0 4 )
& 0.8 e e 4.0 1
c ° c 0.8 o ©
< 06 5 G 3.0 1
_t; o 0.6 4 o
= 0.4 A o J O 2.0 o
o w 0.4 w
0.2 + 0.2 A 1.0 4
0.0 + 0.0 + 0.0 +
CHLA-42, CHLA-42, LA-N-6, Neg LA-N-6,JQ1 SK-N-AS, Neg SK-N-AS, JQ1
Neg Con JQl Con Con

1619

Fig. (3). Analysis of MYCN expression in human neuroblastoma cell lines. (A) Relative MYCN mRNA expression was acquired from three MYCN-amplified
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MYCN expression blunted the loss of HDM2. Together, these data
suggest that the JQ1 treatment of neuroblastoma cells knocks down
MYCN, leading to a loss of HDM2 expression, allowing for p53
protein accumulation.

3.6. Knock-Down of TP53 can Rescue JQI1-Induced Cell Death
in Neuroblastoma Cells

Although JQI treatment of neuroblastoma cells knocks down
MYCN, which down-regulates HDM2, supporting the accumula-
tion of p53, this does not directly confirm that p53 is responsible for
inducing cell death. In order to determine whether p53 is directly
responsible, we transfected IMR-32 cells with p53-specific siRNAs
(Fig. 6A). The results confirmed by qRT-PCR that p53 mRNA was

knocked-down by ~90% compared to controls. Likewise, western
blot analysis confirms that cells transfected with p53-specific siR-
NAs produced less p53 protein than controls and could not induce a
greater accumulation after treatment with JQ1 (Fig. 6B). These data
support the hypothesis that the JQ1-dependent induction of p53 has
been blunted.

In order to experimentally establish whether the inhibition of
p53 accumulation directly affects JQ1-dependent induction of cell
death, we performed a real-time cytotoxicity. The results indicate
that the knockdown of p53 in IMR-32 cells could rescue a signifi-
cant portion of the cytotoxicity caused by JQ1 compared to control
cells (Fig. 6C). Bright field images confirmed that p53-knock-down
of IMR-32 cells improved cell survival, though some cell death still
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siRNA and MYCN siRNA. (D) Western blot analysis of the expression of TP53 protein in neuroblastoma cells (IMR-32 and SK-N-AS cells, respectively)
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analysis was performed compared to GAPDH as a control in all western blots. All data shown are the composite from three independent experiments.
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scription of HDM2, leading to a loss of HDM2 protein. The loss of HDM2 protein reduces the ubiquitination of TP53, allowing TP53 protein to accumulate,

inducing apoptosis in the host cell.

occurred (Fig. 6D), suggesting that other mechanisms of action may
still be at play.

CONCLUSION

While a small subset of neuroblastomas undergo spontaneous
regression, about 70-80% of high-risk cases led to metastasis in as
early as 18 months, with less than half experiencing remission [46].
Recently, Puissant et al. demonstrated the use of BET bromodo-
main inhibitors in high-risk MYCN-amplified neuroblastomas [28].
Their evidence indicated that MYCN is transcriptionally regulated
by the BET protein BRD4, acting as a co-activator at putative en-
hancer regions in the MYCN promoter. Application of the bromo-
domain inhibitor JQ1 displaced BRD4 from its localization sites,
repressing MYCN expression. Our studies confirmed that the JQ1
treatment of MYCN-amplified neuroblastoma cells resulted in the
downregulation of MYCN as well as induction of apoptotic cell
death, corroborating their data. However, the same results were also
seen in non-MYCN-amplified cell lines, suggesting that MYCN-
amplification is not required for this phenotype, merely moderate
MYCN expression. And although we can confirm that SK-N-AS
cells were significantly more resistant to JQ1 treatment, these cells
do not express MYCN at levels comparable to other non-MYCN-
amplified cells, but at levels many orders of magnitude below. In
fact, JQ1 treatment of these cells actually increased MYCN expres-
sion, suggesting that not only phenotype but genotype is altered in
this background. These results indicate that JQ1 could be consid-
ered for the treatment of a broader range of neuroblastomas beyond
merely those that are MYCN-amplified. However, they also offer
concerning implications for treatment, given that wild type MYCN
expression in host neuroblasts could remain as likely a target as the
neuroblastomas they intend to treat.

Although the correlation between BET bromodomain inhibition
of MYCN expression by JQ1 was previously established, the
mechanism of the downstream induction of apoptotic cell death in
neuroblastomas was still left unclear. Previous work by Puissant et
al. confirmed that the knockdown of MYCN by shRNA could in-

duce apoptosis [28], however, this occurs through an alternate
mechanism of action than JQ1. Rescue of MYCN expression re-
solved this concern, offering confirmation that the loss of MYCN
expression alone in JQ1-treated neuroblastoma could induce major-
ity of the cytotoxicity witnessed in these cells. Again, this corrobo-
rates the possibility of off-target effects caused by JQ1, given that
any cell dependent upon MYCN expression could be adversely
affected.

Of greater concern, however, is the mechanism of resistance to
JQ1 witnessed in SK-N-AS cells. Previous work, we performed in
neuroblastoma cells, identified the loss of TP53 in SK-N-AS cells,
allowing them to resist induction of cell cycle arrest after the loss of
the long non-coding RNA, GASS5 [43]. TP53 (or p53) is a well-
known tumor suppressor often associated with induction of cell
cycle arrest, though it also functions to induce cell death through
apoptosis [31, 32, 44, 45]. A comparison of our panel of neuroblas-
toma cells confirmed that all the cell lines screened contained wild
type levels of p53, except SK-N-AS, and knockdown of MYCN by
siRNA or JQI treatment led to an increase in p53, except in SK-N-
AS cells, where p53 could not be detected regardless of condition.
The final key to this puzzle was actually presented by Puissant et al.
[28], in their assessment of MYCN transcriptional targets affected
by JQ1 treatment: the gene MDM2 (or HDM2 in humans). HDM2
is an E3 ubiquitin ligase known as a primary regulator of p53 [29,
30]. Treatment of neuroblastoma cells with JQ1 confirmed the loss
of HDM2. And an exogenous expression of MYCN rescued not
only the loss of HDM2, but inhibited the increase in p53. Likewise,
a knockdown of p53 dramatically decreased the cytotoxic effects of
JQ1, mirroring the phenotype witnessed by the rescue of MYCN.

Together, these results allow us to establish a putative model
for the network of action reflecting the phenotypes witnessed
(Fig. 7). In short, the application of JQ1 displaces BRD4 from
MYCN promoter enhancer sites, leading to decreased transcription
of MYCN. The loss of MYCN leads to decreased transcription of
HDM?2, and to a loss of HDM2 protein. The loss of HDM2 protein
diminishes its ability to regulate p53 protein, allowing for the ac-
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cumulation of p53 in the cell, leading to the induction of apoptosis.
Based upon this model, we suggest that, although MYCN may be a
direct target of JQ1 inhibition, cytotoxicity is ultimately dependent
upon p53 activity. Though it should be noted that both genes are
critical to this network in neuroblastomas, corroborated by the re-
sults seen in SK-N-AS cells. Therefore, a critical prognostic of JQ1
efficacy in neuroblastomas might require the screening of p53 pro-
tein, in addition to MYCN amplification. Likewise, this quality
might also explain the efficacy of JQ1 on other tumor types and the
cause of some of its side effects as well.

The use of BET inhibitors, to treat human neuroblastomas,
offers the advantage of selective targeting, through the downregula-
tion of MYCN. Understanding that a portion of the cytotoxicity,
induced through this process, occurs through p53-dependent apop-
tosis allows us to better understand its mechanism of action. In
addition, we can now offer a possible prognostic marker to address
the efficacy of JQ1 in neuroblastomas, allowing us to avoid unnec-
essary application and possibly improve the treatment outcome of
this difficult to treat pediatric cancer.
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